The rate of stress relaxation of adhesion substrates potently regulates cell fate and function in vitro, and in this study the authors test whether it can regulate bone formation in vivo by implanting alginate gels with differing rates of stress-relaxation carrying human mesenchymal stem cells into rat calvarial defects. After three months, the rats that received fast-relaxing hydrogels (t 1/2 ≈ 50 s) show significantly more new bone growth than those that received slow-relaxing, stiffness-matched hydrogels. Strikingly, substantial bone regeneration results from rapidly relaxing hydrogels even in the absence of transplanted cells. Histological analysis reveals that the new bone formed with rapidly relaxing hydrogels is mature and accompanied by extensive matrix remodeling and hydrogel disappearance. This tissue invasion is found to be prominent after just two weeks and the ability of stress relaxation to modulate cell invasion is confirmed with in vitro analysis. These results suggest that substrate stress relaxation can mediate scaffold remodeling and thus tissue formation, giving tissue engineers a new parameter for optimizing bone regeneration. mechanical factors. [1] [2] [3] [4] These efforts seek to improve transplanted cell viability, con trol cell presence both spatially and tem porally, and regulate cell fate decisions, all issues that are facilitated with material systems. Despite the broad in vitro charac terization of the impact of many of these cues on cells, translation of these strate gies into the complex in vivo milieu has been challenging. [5] [6] [7] [8] One set of material cues that has gar nered increasing interest is mechanical in nature, involving material properties such as stiffness, porosity, and topo graphy. [9, 10] Since it was first shown that adhesion substrate stiffness can influence mesenchymal stem cell differentiation, that observation has been extended to a variety of cell types and outputs, including stem cells of all germ layers and pluripo tent stem cells. [2, 11] Recently, we, among others, demonstrated that one mechanical property that had been previously illexplored with regards to its effect on cells, the rate of substrate stress relaxation, is a regulator of cell spreading, proliferation, and osteogenic dif ferentiation of encapsulated mesenchymal stem cells in vitro, likely due to an increased ability of cells to remodel the extra cellular matrix on these substrates relative to purely elastic substrates. [12] [13] [14] [15] This manuscript addresses the hypothesis that substrate stress relaxation can regulate bone regeneration in vivo. Bone regeneration could be impacted by the ability of stress relaxa tion to directly impact osteogenesis, or by the ability of cells to readily remodel and invade rapidly relaxing hydrogels. Cell invasion into implants has previously been shown to be necessary for scaffoldbased bone regeneration, motivating past work to design degradability and porosity into engineered implants to allow for cell migration. [16] To test our hypothesis, human mesenchymal stem cells (hMSCs) were encapsulated in alginate hydrogels with different stress relaxation time scales and implanted in rat calvarial defects. To examine the intrinsic ability of rapidly relaxing hydrogels to promote bone regeneration, these gels were also placed in defects without hMSCs. Previous studies have demonstrated the ability of sub strate stress relaxation to regulate osteogenic differentiation of mouse mesenchymal stem cells in vitro, [14] but this effect has not been extended to hMSCs or to an in vivo setting. Calcium crosslinked alginate hydrogels were chosen as cell scaffolds,
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Introduction
Biomaterials have been widely explored to promote tissue regeneration, in part due to their ability to tune the extracellular environment surrounding both transplanted and host cells. Tissue engineers have explored a wide array of cues that can be presented to cells, including but not limited to growth fac tors, drugs, other cell types, extracellular matrix ligands, and since alginate has been previously shown to allow for the independent control of initial elastic modulus and stress relaxa tion time. [12, 14] Crosslinking guluronic acid residues on adja cent alginate chains by divalent cations allows for the main tenance of hydrogel microscale architecture independent of crosslinking density and confers viscous damping effects to the hydrogels due to the dynamic nature of the crosslink formation and rupture. Moreover, decreasing the molecular weight of the alginate chains allows for increased chain mobility within the gel mesh and thus a faster relaxation timescale. [8, 12, 14] Alginate hydrogels were fabricated at an initial stiffness slightly lower than has been reported to be optimal for osteogenic differen tiation of MSCs [17] in order to sensitize the cells to the effect of the stress relaxation and ensure that stiffness effects did not dominate the mechanical cues delivered to the cells. The gels were modified with an (arginineglycineaspartic acid) RGD peptide motif to support cell adhesion but contained no exog enous growth factors or other soluble factors. A recent study featuring similar hydrogels showed that the pore size and RGD distributions between groups were not significantly different. [14] The particular model of bone regeneration was chosen due to its wide use in the field and the possibility of creating a critical sized defect that does not require external stabilization. [18] After explanation, defects that contained implants with relatively faststressrelaxation times showed markedly more bone forma tion than defects that contained implants with relatively slow stress relaxation times, as well as extensive matrix remodeling and hydrogel disappearance. Analysis of the early events in this healing process revealed that the fastrelaxing gels are dramatically remodeled within two weeks and in vitro studies confirmed that cells are better able to migrate into fastrelaxing gels, yielding a new way to control scaffold invasion without the need for engineered chemical degradation or porosity. These results demonstrate that substrate stress relaxation can be a potent parameter for tissue engineers to use to optimize bone regeneration.
Results
We first determined if the native environment of healing bone, the hematoma, would exhibit stress relaxation, to validate the potential physiologic relevance of this parameter for bone regeneration. Human hematomas from adult donors were obtained from the clinic, and subjected to compression testing. These hematomas demonstrated an average relaxation time of ≈195 s ( Figure 1A ), confirming these human tissues demon strate significant and rapid stress relaxation ( Figure 1A ).
Alginate hydrogels were fabricated from either high or low molecular weight polymer to yield distinct rates of stress relaxa tion, which bracket the rates seen among the hematomas, and their mechanical properties and impact on hMSCs in vitro were first compared. Compression testing confirmed no statistically significant difference in the initial elastic moduli of fast and In vitro characterization of alginate hydrogels, and their effects on hMSC osteogenic differentiation. A) Stress-time curves of human hematomas subjected to compression testing. Curves depict stress relaxation of hematomas held at 15% strain. Inset shows time to 50% of the initial stress in these curves. B) Young's modulus as determined by compression testing of slow-and fast-relaxing alginate hydrogels. (Student's t-test, n = 4). C) Time to 50% stress relaxation at 15% initial strain for slow-and fast-relaxing alginate hydrogels. (Student's t-test, n = 4). D) Extent of gel contraction after culture with encapsulated hMSCs for two weeks. (Student's t-test, n = 4). E) Representative von Kossa staining for matrix mineralization between slow-and fast-relaxing gels with encapsulated hMSCs in osteo-inductive medium after two weeks. Scale bar represents 300 µm. F) Representative pseudocolored EDS elemental maps for slow-and fast-relaxing gels with encapsulated hMSCs in osteo-inductive medium after two weeks. Orange depicts phosphorous and marks phosphate deposition, while green depicts carbon.
(3 of 8) 1601185 more slowly relaxing hydrogels ( Figure 1B ). As expected, hydrogels fabricated with the high molecular weight alginate demonstrated significantly longer relaxation times than the low molecular weight hydrogels ( Figure 1C ). Next, hMSCs were encapsulated in the two types of alginate hydrogels and cultured in osteogenic induction medium for two weeks in order to assess the differences in differen tiation of hMSCs in hydrogels with different stress relaxation times. Fastrelaxing gels con tracted significantly more than slowrelaxing gels, and, consistent with previous results with mouse stem cells, von Kossa staining of the hydrogels showed significantly more matrix deposition and mineralization for the fast relaxing hydrogels, indicative of osteogenic differentiation of hMSC ( Figure 1D ,E). [14] To confirm the increased mineralization in fastrelaxing gels, energy dispersive Xray spectroscopy (EDS) was performed to map elemental phosphorous in the interior of the hydrogels. Substantially more phosphorous was found in the fastrelaxing gels, consistent with the von Kossa staining, again indicating a greater osteogenic differentiation of hMSCs and subsequent mineral deposition in the fastrelaxing gels ( Figure 1F ).
In order to assess the in vivo effects of sub strate stress relaxation, both types of hydro gels containing hMSCs, as well as an empty defect control and a fastrelaxing hydrogel without cells, were implanted into a rat (RNU rat) criticalsized (8 mm) calvarial defect. For the sake of animal welfare, a slowrelaxing hydrogel without cells was omitted, as in vitro results suggested that the condition with cells would already perform suboptimally. [19] After three months, the rats were euthanized and the skulls were explanted and examined for bone formation using Xray microcomputed tomography (µCT). An increase in new bone was found for the fastrelaxing hydrogels, and quantification of the new bone volume confirmed a statistically significant differ ence in the amount of new bone formed and the average percentage of the defect that was spanned by bone, when compared to the gels with slower relax ation ( Figure 2) . As expected, the empty defects showed min imal bone regeneration, but intriguingly, the fastrelaxing gels without cells showed healing only slightly less than that of the fastrelaxing gels with cells, with this difference not statistically significant ( Figure 2) .
The histology of the defects was next examined to assess the structure of the new bone (Figures 3 and 4) . Masson's Tri chrome staining revealed a difference in the thickness of the tissue residing in the defect site, with a nearly twofold greater thickness in the slowrelaxing case ( Figure 3A-C) . In order to gauge the contribution of hydrogel loss to this thickness effect, fast and slowrelaxing hydrogels bearing cells were explanted after two weeks. Safranin O staining for residual alginate showed an intact gel in the slowrelaxing case, but dramatic remodeling and fibrous tissue infiltration with little remaining alginate in the fastrelaxing case ( Figure 3D ,E). Hypothesizing that this effect could be due to the ability of surrounding cells to infiltrate the scaffold, an in vitro experiment measuring the infiltration depth of fibroblasts initially seeded on top of the gels after one week showed that cells were able to migrate nearly twice as far into the gel in the fastrelaxing case, consistent with the notion that stressrelaxation modulates the ability of cells to remodel and invade a scaffold ( Figure 3F ). Hematoxylin and eosin (H&E), van Gieson, and Masson's Trichrome stainings of three month histology revealed that the new bone formed in the fastrelaxing condition with cells was mature, featuring collagenrich and relatively acellular regions with sparse osteocytes (Figure 4A-C) . Furthermore, the pres ence of elongated osteoblasts on the periphery of the new bone, and osteoid regions rich in disorganized collagen suggest active bone growth. In contrast, the slowrelaxing condition showed sparse, disorganized collagen, without prominent bone growth centers or mature bone ( Figure 4A-C) . Additionally, Alcian Blue staining for residual alginate revealed little remaining hydrogel in the fastrelaxing case, whereas significant residual hydrogel was noted in the slowrelaxing case ( Figure 4D ). Coupled with a significantly larger defect thickness for the slowrelaxing con dition, these results confirm that the differences in hydrogel remodeling seen at two weeks are maintained through three months ( Figures 3C and 4D) .
In order to gauge the relative contribution of rat versus human cells to the new bone formed in the conditions with transplanted cells, and thus determine the ability of the remod eled scaffold environment to support the viability of trans planted cells, a human mitochondria stain was utilized to label all progeny of the transplanted human cells (Figure 5) . Human cells were markedly absent from the slowrelaxing condition, while a small number of human cells were local ized to the periphery of new bone in the fastrelaxing condition ( Figure 5A,B) . Quantification of the number of cell nuclei on the perimeter of new bone islands colocalizing with human cells, as a measure of the contribution of the transplanted cells to new bone growth, revealed that 20 ± 11% of cells along the new bone periphery were of human origin ( Figure 5D ).
Discussion
These results demonstrate that substrate stress relaxation can be a potent regulator of bone formation in vivo. Specifically, rat calvarial defects treated with stiffnessmatched hydrogels carrying hMSCs or cell free showed significantly more bone formation after three months if the hydrogels exhibited a rela tively faststressrelaxation time. As a recent study showed that substrate stiffness can play an important role in bone regenera tion in vivo, [19] those results combined with those of the present study suggest that substrate stiffness together with the stress relaxation timescale can be tuned to optimize the boneforming capabilities of biomaterials.
The new bone formed in defects with fastrelaxing implants exhibited a morphology of sparse osteocytes, mineralized matrix and osteoid, indicative of the activation of a robust bone regen eration cascade. Given the complicated material and biological environment of bone, the absence of any of these elements would have suggested that the healing was not taking place in a concerted, directed way. This mature morphology is compa rable to the results of previous studies that delivered growth factors such as BMP2 to defect sites, [20] a result that implies a great relative importance of extracellular mechanical proper ties to bone formation. Based on the apparent potency of both mechanical and biological factors in inducing bone formation, an approach combining mechanical optimization and growth factor delivery, such as one recently reported in vitro, could be a promising approach to bone healing in the future. [21] That being said, optimizing each approach in perfect isolation may not be possible, as it has been shown that the interaction between sol uble factors and biomaterials, and the resulting differences in the mode of factor presentation to cells are potent regulators of cell behavior. [22] In this situation, biomaterial systems such as that used in this study that allow for the independent control of key material properties will become increasingly important.
The presence of humanderived cells at the newbone periphery in conditions with fastrelaxing gels, but absence of human cells in slowrelaxing conditions indicates a role for fastrelaxing gels in providing survival cues to the transplanted cells as well as a persistent role for the remaining cells in the bone healing cascade. Moreover, the presence of these cells in A previous study in which MSCs were encapsulated in algi nate hydrogels similar to the slowrelaxing condition here and implanted into subcutaneous pockets in rats reported a marked absence of transplanted cells after just two weeks. [23] In con trast, a study in which MSCs were encapsulated in fibrin gels, which are known to demonstrate stress relaxation, and then implanted into a femoral defect model showed significant per sistence of the transplanted cells after four weeks. [24] The cur rent study suggests stress relaxation as a possible mechanism underlying the discrepancy between the past studies. Addition ally, previous work showing the effects of adhesion substrate degradation rate on the ability of transplanted osteoblasts to form bone in an ectopic site could perhaps also be related to effect of stress relaxation, as the mechanisms of stress relaxa tion and degradation in that study were coupled. [25] This study introduces substrate stress relaxation rate as a key regulator of bone regeneration. Several studies using trans planted MSCs have shown the influence of hydrogel degrada tion on bone regeneration, [26, 27] and the findings here raise the possibility that altered relaxation of the hydrogels as they degrade over time could be contributing to some of the results found in those studies. Additionally, in the early stages of bone fracture healing, periosteal MSCs are known to migrate into the hematoma and participate in intramembranous ossifica tion, differentiating into osteoblasts. [28, 29] This study suggests the stress relaxation property of hematomas could mediate both MSC invasion into sites of bone defects and their osteo genic differentiation during bone healing, though such effects are surely mediated by myriad factors such as defect stability and size. Previously, tissue engineers were limited to chemical and biological factor delivery in order to influence bone regen eration, but as the findings of this and another recent study indicate, tissue engineers can leverage the physical proper ties of biomaterials, in addition to chemical/biological cues, to improve bone regeneration. [19] www.advhealthmat.de
Adv. Healthcare Mater. 2017, 6, 1601185 www.advancedsciencenews.com Figure 4 . Histological staining of calvarial wound sites three months postinjury. A) Representative high and low magnification images of hematoxylin and eosin stained sections demonstrating new bone in the fast-relaxing case and a disorganized tissue in the slow-relaxing case. "os" labels the osteoid region, "oc" labels osteocytes, and "ob" labels elongated, activated osteoblasts on the new bone growth front. Low-mag scale bar represents 360 µm and high-mag scale bar represents 180 µm. B) Representative Masson's trichrome staining demonstrates mature bone ("m") in the fast-relaxing case and disorganized collagen in the slow-relaxing case. Scale bar represents 360 µm. Note the discrepancy in scale due to remodeling effects noted in Figure 3 . C) Representative Van Gieson staining indicates mature bone ("m") in the fast-relaxing case and disorganized collagen in the slow-relaxing case. D) Representative Alcian blue staining to identify residual alginate hydrogel ("g") reveals small remnants in the fast-relaxing case and large remnants in the slow-relaxing case. Scale bar represents 360 µm in the fast-relaxing case and 720 µm in the slow-relaxing case.
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Experimental Section
Alginate Hydrogels: Alginate type LF20/40 (FMC Biopolymer) was used as-received (average molecular weight of 280 kDa) for the slow-relaxing hydrogels and was irradiated with an 8 mRad cobalt source to form the fast-relaxing hydrogels (average molecular weight of 35 kDa). Irradiation lowers the molecular weight while maintaining the same G to M block ratio. [8] Alginates were modified with GGGGRGDSP peptides (Peptide 2.0) at a ratio of 20 peptides per alginate with standard carbodiimide chemistry as described previously. [8] After modification, alginates were dialyzed against an NaCl gradient, treated with activated charcoal, and sterilefiltered. After lyophilization, all alginate was dissolved in serum-free Dulbecco's Modified Eagle Medium (DMEM) (Lonza) at 2.5%.
Hydrogels were cast by rapidly mixing the alginate solution with a CaSO 4 slurry via two syringes and ejecting the mixture between two glass plates, where it gelled over 1.5 h. Slow-relaxing gels consisted of 2% LF20/40 alginate and 20 × 10 −3 m Ca, while fast-relaxing gels consisted of 2% LF20/40 8 mRad alginate and 42 × 10 −3 m Ca. This difference in calcium concentration has previously been noted to have no effect on mesenchymal stem cell viability and differentiation. [14] 8 mm disks were then cut from the gel using a biopsy punch.
Hydrogel Mechanical Characterization: Hydrogels were fabricated as described above at a thickness of 2 mm and subjected to compression testing using a mechanical testing device (Instron). Gels were compressed at a strain rate of 1 mm min −1 and the Young's Modulus was calculated as the best-fit slope of the first 5%-15% of the resulting stress/strain curve. At 15% strain, the strain was held and the time required for the stress to decay by a factor of two was noted.
In Vitro hMSC Differentiation: Human mesenchymal stem cells (Rooster Bio) were encapsulated in slow-and fast-relaxing hydrogels at a final concentration of 15 million cells mL −1 gel, gels were punched into disks, and placed into 24-well plates. The encapsulated cells At two weeks, samples were fixed in 4% paraformaldehyde for 45 min on an orbital shaker, exposed to increasing concentrations of optimal cutting temperature compound (OCT) in a sucrose solution, and flash frozen for cryosectioning. Gels were sectioned at a thickness of 50 µm before von Kossa Staining. Briefly, sections were incubated in a 1% silver nitrate solution under ultraviolet light for 20 s, rinsed with deionized (DI) water, and incubated in 5% sodium thiosulfate for 5 min.
Elemental Analysis of hMSC Differentiation: A Tescan Vega environmental scanning electron microscope with a Bruker XFlash 5030 EDS was used for elemental characterization of in vitro hMSC differentiation. Gels were prepared in frozen blocks as they were for von Kossa staining and then were sectioned at a thickness of 100 µm onto a p-type silicon wafer. Samples were washed in water, followed by drying under vacuum overnight. Elemental analysis and mapping of phosphorus were performed at an accelerator voltage of 20 keV and a pressure of 12 Pa.
Hydrogel Implantation in Rat Calvarial Defect Model: All animal experiments were performed in compliance with National Institutes of Health guidelines and were approved by the Institutional Animal Care and Use Committee at Harvard University. The rat calvarial defect surgery was performed on four-week old RNU Rats (Charles River Laboratories) as described previously. [19] Briefly, animals were anesthetized, and their heads were shaved. A sagittal incision was made along the head and the exposed periosteum was bluntly dissected to the level of the superior temporal line bilaterally. 8 mm circular osteotomies were drilled under copious irrigation and the bone was removed from the rat calvarium while maintaining the underlying dura intact. 8 mm hydrogels encapsulating hMSCs at a density of 10 million cells mL −1 were implanted into the resulting void. Fascia and skin layers were sutured separately in order to keep the gels stationary.
After two weeks or three months, animals were euthanized with CO 2 and decapitated. The calvarium was removed using bone shears and placed in 10% formalin for 24 h. Samples were then stored at 4 °C in PBS until further use.
X-Ray µCT: Rat calvaria were wrapped in paraffin to prevent dehydration and scanned in an X-tek HMXST225 microcomputed tomography system at the Harvard University Center for Nanoscale Systems. Samples were reconstructed using CT Pro and rendered using VG Studio Max software. For new bone quantification in VG Studio Max, an 8 mm diameter cylinder volume of interest was centered over the defect site, with a height equivalent to the thickness of the adjacent bone. The volume within the cylinder encapsulated in an isosurface rendering was calculated, and the percent of defect filled was treated as the fraction of the cylinder, thus representing the original defect volume, filled by the new bone. The spanned fraction was calculated by drawing a line through the center of the defect and calculating the fraction of the original defect diameter that contains bone. The reported maximum fraction is the maximum per animal of all of these lines.
Histology: After tomography, samples were sent to the Dana Farber Cancer Rodent Histopathology Core for paraffin embedding and sectioning, as well as H&E, Van Gieson, Masson's Trichrome, and Alcian Blue staining. Imaging was performed on a Nikon histology microscope. Membrane thickness quantification was obtained by using the measure feature in ImageJ (NIH).
Immunofluorescence staining was performed using antihuman mitochondria primary antibodies (Abcam). Paraffin was removed from sections with two 5 min xylene washes, and slides were rehydrated in successively lower concentrations of ethanol in DI water. For human mitochondria antigen retrieval, samples were incubated in sodium citrate buffer, pH 6.0, at 95 °C for 20 min. Slides were blocked in 10% normal goat serum, 1% bovine serum albumin, and 0.05% Tween-20 in phosphate buffered saline (PBS) for 1 h at room temperature, and incubated in primary antibody solution using the manufacturer's recommended concentrations overnight at 4 °C. Slides were then incubated in goat antimouse Alexa 555 secondary antibodies (Abcam) for 1 h at room temperature and counterstained with Hoescht. Imaging was performed on a Carl Zeiss LSM 710 upright confocal microscope and pseudocolored using ImageJ. Quantification of human cells was obtained in ImageJ by first locating fields of view that previously contained hydrogel, thresholding and binarizing the nuclei, followed by masking the mitochondria channel and counting the masked regions that contained red signal, thus yielding the fraction of nuclei that belonged to human cells. Since human cells were not found outside of these fields, these quantities represent the composition of cells in the neighborhood of the implanted hydrogel.
In Vitro Scaffold Invasion Assay: Slow-and fast-relaxing hydrogels were fabricated as noted above and were cast on coverslips. Coverslips were placed in wells and NIH 3T3 fibroblasts were seeded at a density of 10 000 cells per square centimeter by pipetting a cell suspension on top of the gels. After 12 h, the hydrogels were moved to new wells to remove nonadherent cells and the hydrogels were cultured for one week at 37 °C. The cells were then fixed with 4% paraformaldehyde for 15 min, permeablized with 0.1% Triton X-100, and stained for 15 min with rhodamine-tagged phalloidin. The gels were then placed in custom silicone gaskets on microscope slides and imaged using a Zeiss LSM 710 upright confocal microscope. Z-stacks were captured and the distance from the hydrogel surface to the deepest cell was sampled at five random locations across three different z-stacks using Zeiss ZEN software.
